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Chemomechanical couplinga b s t r a c t
F1-ATPase (F1), a rotary motor protein driven by ATP hydrolysis, is unique with respect to its high
efﬁciency and reversibility in converting chemical energy into mechanical work. Single-molecule
studies have improved our understanding about the energy-conversion mechanism of F1 and the
chemomechanical-coupling scheme under ATP hydrolysis conditions. A novel single-molecule tech-
nique was recently established to estimate the free-energy change of F1 during catalysis at
elementary-step resolution, advancing our understanding about the energy-conversion mechanism
of ATP hydrolysis and synthesis. The energy conversion mechanism of F1 elucidated from single-
molecule studies provides us with important insights into the operating principles underlying
molecular motors.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction termed F1-ATPase. Fueled by ATP hydrolysis, F1 rotates the centralThe terminal reaction of oxidative phosphorylation, ATP synthe-
sis is catalyzed by FoF1-ATP synthase (FoF1) [1,2] (Fig. 1). FoF1,
which is embedded in the mitochondrial inner membrane, thyla-
koid membrane of chloroplasts, and the plasma membrane of bac-
teria, catalyzes ATP synthesis from ADP and inorganic phosphate
(Pi) driven by a proton motive force (pmf) across the membranes
(Fig. 1a). Thus, FoF1 is the molecular energy-converter that medi-
ates heterologous energy conversion between pmf and the phos-
phoryl-transfer potential of ATP. The unique feature of the
molecular mechanism of FoF1 is that this enzyme employs the
mechanical rotation of the inner rotor complex for energy inter-
conversion [3–8]. As the term suggests, FoF1 consists of two parts,
F1 and Fo, each of which functions as a molecular motor. F1, the seg-
ment of FoF1 that protrudes from the membrane, possesses cata-
lytic reaction centres for ATP hydrolysis/synthesis. When isolated
from Fo, F1 shows high ATP hydrolytic activity; therefore, it isrotary shaft against the surrounding stator ring [9]. Fo, the mem-
brane-embedded segment of FoF1, conducts proton-translocation
and rotates the cylindrical ring against the stator complex [3,6].
F1 and Fo are connected via central and peripheral stalks, which al-
low torque transmission between the two motors. Under physio-
logical conditions where pmf is sufﬁcient, Fo generates a larger
torque than F1 and reverses the rotary direction of F1, thereby
inducing the reverse reaction of ATP hydrolysis, i.e. ATP synthesis
[4,5] (Fig. 1a). In contrast, when the pmf diminishes, F1 hydrolyzes
ATP and reverses the rotary direction of Fo, thereby inducing Fo to
pump protons in order to generate pmf (Fig. 1b).
In order to elucidate the working principle of the molecular mo-
tors, extensive single-molecule studies on F1 and the complex of FoF1
[2,10–12] have been performed. Due to the stability of the complex
and greater ease of handling, F1 has been more intensively investi-
gated comparedwith Fo [13]. In this review, we focus on the chemo-
mechanical-couplingmechanism of F1. In the ﬁrst part, we concisely
summarize the basic features of rotational dynamics and the pro-
posed reaction scheme of F1 revealed from structural and biochem-
ical studies, as well as single-molecule studies [6,7,9]. In the second
part, we introducemore recent single-molecule manipulationmea-
surements. These studies have provided insights on the rotary catal-
ysis mechanisms of F1: the contribution of individual catalytic
reaction steps for torque generation, the catalytic power of the
conformational subsets that are at a great distance from the stable
conformation, and the reaction scheme of ATP synthesis.
Fig. 1. FoF1-ATP synthase. Energy conversion mechanism of FoF1-ATP synthase under ATP synthesis (a) or ATP hydrolysis (b) conditions. Red and green represent the rotor and
stator subcomplex, respectively.
Fig. 2. Conformational state of the b subunit, depending on the rotary angle. bE, bTP,
and bDP represent the b subunit at hc = 40, 80, and 200, respectively. b subunits
in open and closed states are colored in red and blue, respectively.
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Bacterial F1 has the simplest subunit composition (a3b3cde).
The minimum complex of F1 for function as a rotary motor is the
a3b3c subcomplex, in which the a3b3 assembly forms a cylindrical
stator ring and the c rotor subunit penetrates the center of the a3b3
ring [9,14]. The ﬁrst crystal structure of mitochondrial F1 provided
many essential insights about the structural basis of the mechano-
chemical coupling mechanism of F1 [14,15]. There exist three cat-
alytic sites for ATP hydrolysis at the a–b subunit interfaces
(primarily on the b subunits), which alternate with three non-
catalytic sites at the a–b subunit interfaces [14]. In the crystal
structure, the b subunits differ from one another in catalytic state
and binding conformation; one binds to the ATP analogue aden-
ylyl–imidodiphosphate (AMP–PNP), the second binds to ADP and
azide [16], and the third does not bind to any ligand. These confor-
mations are referred to as bTP, bDP, and bempty, respectively. bTP and
bDP assumes a closed conformation, swinging the helical domain
(the C-terminal domain) inward towards the nucleotide binding
domain, while bempty assumes an open conformation (Fig. 2). The
swing motion of the b subunit is thought to generate the rotary tor-
que necessary for the c rotation.
2.1. Single-molecule analysis of the F1 motor
To reveal the dynamic features of F1 rotation, several single-
molecule rotational assays [9,12,17,18] have been developed since
the method was ﬁrst developed in 1997 [9]. In most assays, the F1
molecules are immobilized to afﬁx the a3b3 cylinder onto a cover
slip, and a rotation marker tag is attached to the protruding part
of the c subunit. While a ﬂuorescently labeled actin ﬁlament was
used as the rotation marker in the pioneering study, micron-sized
plastic beads or gold colloids of 40–60 nm are frequently used at
present. For single-molecule manipulation experiments, a mag-
netic bead of 200 nm is attached to the c subunit and controlled
by an external magnetic ﬁeld. In accordance with its pseudo-
threefold symmetrical structure, F1 hydrolyzes three ATP mole-
cules per rotation. Therefore, the unitary step of rotation is a
120 step [4,19]. The rotary torque of F1 is primarily given as40 pN nm rad1 [19,20], although other values of torque have also
been reported [21,22]. The torque values may vary among different
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ATP hydrolysis is approximately equal to the mechanical work of
the rotation against the hydrodynamic friction [19]. Therefore, it
is surmised that the energy conversion efﬁciency of F1 is exceed-
ingly high [23], a hypothesis supported by a recent study [24]. In
relation to this observation, F1 displays very high reversibility; F1
catalyzes the synthesis of ATP from ADP and Pi when the rotor is
forcibly rotated in the reverse direction [4,5].
2.2. Reaction scheme of catalysis and rotation
The reaction scheme of F1 has been extensively studied by
resolving the rotational process into discrete rotational steps. The
stepping rotation of F1 was ﬁrst observed under ATP-limiting con-
ditions, where F1 made distinct pauses at three speciﬁc rotary an-
gles that were 120 apart from one another [19]. A mutant F1 and
the ATP analogue ATPcS both markedly retarded the ATP hydroly-
sis step of F1, and were also used to observe clear rotational dwells
caused by the hydrolysis-waiting state. The reason for this phe-
nomenon is that the time constant of ATP hydrolysis on the
wild-type F1 was only approximately 1 ms long, too fast for analy-
sis, unless a high-speed recording of unloaded rotation was used
[17,25]. The angular positions waiting for the ATP binding and
hydrolysis differ; the hydrolysis-waiting position is set at +80
from the binding-waiting angle. Therefore, these angles are re-
ferred to as binding angle and catalysis angle, respectively. More-
over, subsequent experiments have identiﬁed the angular
positions of ADP release and Pi release as the binding angle and cat-
alytic angle, respectively [26,27]. Although several uncertainties
remain, most sections of the reaction scheme have been revealed.
The proposed reaction scheme was summarized in Fig. 3. For each
catalytic site on the b subunit, ATP binding occurs when the c sub-
unit is orientated at a speciﬁc binding angle. When the c rotates by
200, bound ATP is cleaved into ADP and Pi. The ADP and Pi gener-
ated are released at 240 and 320, respectively. Thus, after one
revolution, the catalytic site completes one turnover of catalysis
(ATP? ADP + Pi). The same reactions occur in the remaining cata-
lytic sites, although the reaction phases differ by 120.Fig. 3. Chemomechanical coupling scheme of F1. Elucidated chemomechanical
coupling scheme under ATP hydrolysis conditions. The circles and red arrows
represent the catalytic state of the b subunits and the angular positions of the c
subunit, respectively. While the one featured catalytic site shown in blue undergoes
the binding and catalytic events shown, the remaining two catalytic sites undergo
the same events simultaneously, but are offset by 120 and 240.2.3. Imaging of conformational change of the b subunit
While a few catalytic residues are located on the a subunit, the b
subunit possesses most of catalytic residues, causing it to be princi-
pally responsible for torque generation. The conformational transi-
tion between the open and closed states is expected to induce c
rotation [14]. To elucidate the correlation of the b conformational
state and thec rotation,Masaike et al. developed anelaborate optical
system to simultaneouslymonitor the conformational change of the
catalytic b subunitwith the angular position of thec subunit [28]. To
visualize the conformational state of the b subunit, a ﬂuorescent dye
molecule was attached to the C-terminal domain of b and the orien-
tation of the attached dye was determined vis à vis that of the tran-
sition dipole moment using total internal reﬂection ﬂuorescence
(TIRF) with polarization modulation. In this study, the b subunit
changed its conformation from an open to closed state upon ATP
binding (0–80 in Fig. 3). Subsequently, the b subunit transited the
conformationfrom a closed to an open state upon c rotation from
200 (hydrolysis angle) to 320 (Pi-release angle), as proposed based
on the crystal structure andproposed reaction scheme. Interestingly,
an intermediate conformation between open and closed states was
newlydiscovered at anADP-releasingangle of240; theb subunit as-
sumed a partially closed state at 240. Although an apparently simi-
lar ‘half-closed’ conformation was observed in the crystal structure
of mitochondrial F1 with the catalytic sites all occupied with bound
nucleotides [29], this would not represent the partially closed state,
where the transient conformation of the ADP-bound state after ATP
binding is transitioned to b empty, while the partially closed state
represents the ADP-bound state prior to ATP binding. The structural
details of the partially closed state remain to be reﬁned.3. Part II: single-molecule manipulation
The reversibility of chemomechanical coupling reactions on F1
implies that the rate and equilibrium constants of elementary reac-
tion steps of catalysis are tightly modulated upon c rotation; when
the c is reversely rotated, the afﬁnity of the c subunit for ADP or Pi
is increased while that for ATP is decreased. The equilibrium con-
stant of the ATP hydrolysis step is also biased towards the direction
of synthesis upon the reverse rotation. However, single-molecule
analysis does not have the capability to assess the catalytic proper-
ties of enzymes in conformational states at a great distance from the
stable one.We recently developed a novel single-moleculemanipu-
lation protocol in order to elucidate how F1 modulates its catalytic
properties upon c rotation [27,30,31]. In the following sections, we
introduce the primary concepts and the results of this experiment.
We also discuss several implications concerning the energy conver-
sion mechanism of F1 based on the results of this study.
3.1. Stall and release experiment with magnetic tweezers
Owing to the tightly coupled features of catalysis and rotation on
F1, we were able to observe the waiting state of an individual reac-
tion step as a distinct rotational pause; the ATP waiting state as
the pausing state at ATP-binding angle and the hydrolysis waiting
state as the pausing state at the hydrolysis angle. The principle
experimental procedures were as follows. First, when F1 performed
a rotational pause towait for the reaction step to be investigated, we
stalled the rotor at the target rotational position using magnetic
tweezers. In this protocol, a magnetic bead is attached to the c sub-
unit as a probe to visualize its rotational motion as well as to func-
tion as a handle for manipulation by the magnetic tweezers. After
a speciﬁed time period elapsed, the magnetic tweezers were turned
off to release F1 in order to observe the response of themotor. F1 dis-
plays two principal behaviours:
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and
(ii) returning back to the previous pausing angle (denoted as
‘OFF’).
The ‘ON’ behaviour indicates that the reaction under investiga-
tion has been completed when released, whereas the ‘OFF’ behav-
iour indicates that the reaction has not yet been completed. This
behaviour occurs because F1 does not generate rotational torque
until all deﬁned reactions occur. In this protocol, the target reac-
tion is the rate-determining step causing the longest rotational
pause, while the rotational pause by additional reaction steps is
considerably shorter in comparison to the target reaction. We
determine the probability of the reaction as the probability of an
‘ON’ event (PON) against all trials.
3.2. Angle dependence of ATP binding and ATP hydrolysis
We determined the probabilities of ATP binding and hydrolysis
at several stall angles. For the measurement of ATP binding proba-
bility (PONbind), the time constant of ATP binding was speciﬁcally
prolonged by lowering ATP concentration to less than 200 nM. Un-
der this condition, ATP binding takes more than 0.3 s to occur,
while other reactions are completed within a 1.5-ms timeframe.
For the measurement of ATP-hydrolysis probability (PONhyd), the
ATP hydrolysis step was prolonged by using the aforementioned
mutant F1 and/or ATPcS, both of which retard the hydrolysis step.Fig. 4. Experimental results for angle dependence of ATP binding and hydrolysis.
The time course of the probability of completion of (a) ATP binding/PONbind or (b)
hydrolysis/PONhyd for stalling at 50 (red), 0 (black),+50 (cyan) from each of the
authentic reaction angles, i.e., 0 for ATP binding and 200 for hydrolysis. Angular
dependence of kinetic parameters as determined by single-molecule manipulation;
reaction rate constants of forward (c) or reverse (d) reactions and equilibrium
constants (e). Solid lines represent the linear regression for ATP binding/release
(red), hydrolysis/synthesis (blue), or Pi release/binding (green).Fig. 4a and b show the probability data of PONbind and PONhyd. Here,
we deﬁne the angle shown in Fig. 4a and b according to the reac-
tion scheme displayed in Fig. 3; 0 and 200 represent the pausing
angle for ATP waiting and for hydrolysis waiting, respectively.
Interestingly, even when the c subunit was stalled at an angle that
is a great distance from the original pausing angle, ATP binding and
hydrolysis still occurs (see the data points of 50 and 150 in
Fig. 4a and b), with probabilities that were largely dependent on
the stall angle. Additionally, both PONbind and PONhyd achieved pla-
teau levels at rates lower than 100% (Fig. 4a, b). This observation
indicates that ATP binding and hydrolysis steps are reversible; dur-
ing long stalling steps, the system is at equilibrium between ATP
binding and release (or ATP hydrolysis and synthesis). Therefore,
the plateau levels represent an equilibrium point under this condi-
tion. The data points of individual stall angles were ﬁtted using the
reversible kinetic model to determine the rate constants of ATP
binding and ATP release (or hydrolysis and synthesis). The results
of this analysis demonstrated that the rate constants in the for-
ward reactions (i.e. ATP binding, hydrolysis) were exponentially
accelerated as F1 rotated in a counterclockwise direction (Fig. 4c),
while those in the reverse direction (i.e. ATP release, synthesis)
were decelerated or remained constant (Fig. 4d) [31]. As a result,
the dissociation constant of ATP (KdATP) and the equilibrium con-
stant of ATP hydrolysis (KEHyd) were exponentially decreased and
increased, respectively (Fig. 4e). Fig. 4c–e also displayed rate con-
stants of Pi release/binding that were determined by different
experiments [26,27,32]. Therefore, this simple protocol allowed
us to determine the kinetic properties of F1, whose conformational
state is at a great distance from the stable pausing angle. It was re-
vealed that F1 smoothly modulates the reaction rate constants of
each of the elementary steps of catalysis, depending on the rotary
angle. This occurs because the rotation is tightly coupled with the
bending motion of the b subunit, as well as the closure/opening of
the ab interface.
3.3. Reaction energy diagram
A two-dimensional diagram is conventionally used to describe
the reaction coordinate of enzymes in relation to the energy level
and the conformational freedom of an enzyme. In such a 2D dia-
gram, an intersection of the two potential wells for the pre-
reaction and post-reaction states represent the transition state
(TS; Fig. 5a). Therefore, the position of TS on the axis of the confor-
mational state represents the critical conformational state; the
reaction will not occur unless the enzyme changes its conforma-
tion over the critical point, in other words, reaction will always
occur when the enzyme changes over the critical point. A 2D dia-
gram is inadequate to explain the angle dependence of ATP binding
and hydrolysis because reactions can occur at multiple rotational
angles. Next, we display a 3D diagram (Fig. 5b), where the x- and
y-axis represent the rotational angle of the c subunit and the
chemical state, respectively, while the contour lines display free
energy. The cross-section along the y-axis at a particular x value
represents the 2D energy diagram of the reaction when the c
subunit is stalled along the x value. This 3D energy diagram for
F1 reaction is essentially consistent with the Sumi–Marcus model
that treated intramolecular electron transfer in relation to the sol-
vent or conformational dynamics of the molecule [33], which was
recently used to account for the chemomechanical rotary mecha-
nism of F1 [34]. This 3D diagram can account for the angular
dependence of ATP binding and hydrolysis when we assume har-
monic potentials for the pre-reaction and post-reaction states, as
well as a relatively constant level of TS that is represented as the
ridge between two potential basins. When the c subunit is stalled
at an angle forward from the original pausing position, the activa-
tion energy for the forward reaction is reduced while that for the
Fig. 5. Freeenergy diagram of catalysis on F1. (a) Schematic model of a 2D free-
energy diagram of catalysis of F1. Light green and dark green curves represent the
energy potentials of reactant and product. The cross point of the reactant and
product potentials represents the transition state of catalysis (TS). The catalysis
occurs passing through TS from reactant to product potential (blue arrow). (b)
Schematic model of a 3D free-energy diagram of F1 catalysis (left). The free-energy
surfaces of pre- or post-catalysis intersect on the line TS, which represents the
transition state of catalysis. Points O and O0 represent the energy minima on the
reactant and product, respectively. The cross-section at a speciﬁc rotary angle is
drawn as the right ﬁgure. DG represents the free-energy difference of reactant and
product. DG1 and DG2 represent the activation energies of forward and reverse
reactions, respectively.
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represented as the slope of the potential basin of the post-reaction
state.
3.4. Torque generation during ATP binding and hydrolysis
The angle dependence of ATP binding and hydrolysis is not di-
rectly related to the torque generated during the reactions. How-
ever, when we consider the rate of the reverse reaction as a
barometer of the energy difference between TS and the post-
reaction state (DG2), torque generation upon reaction can be
estimated from the angle dependence of the reverse reaction rate.
When we assume a relatively constant energy level for the ridge of
TS, the deviation of the activation energy (dDG2(h)/dh responds to
the slope of the potential of the post-reaction state (equivalent to
torque). Therefore, the slopes of the reverse reaction rates (koffATP
and ksynATP) in a semi-log plot (Fig. 4d) represent the torque during
the ATP binding or hydrolysis step, respectively. It is evident that
ATP release displays a markedly steeper slope than the ATP synthe-
sis reaction, suggesting that the ATP hydrolysis step contributes
markedly less to torque generation. Torque generation during the
ATP binding step is said to be 11 pN nm, while that of ATP
hydrolysis is almost 0. However, it should be noted that these val-
ues are underestimated, because the c subunit was twisted upon
manipulation with magnetic tweezers, primarily due to the elastic
elements of the experimental setup (e.g. the outwardly protrudingdomain of c, streptavidin, and His-tags), and the fact that the ac-
tual angle dependence should be steeper [35]. Although we exper-
imentally estimated the stiffness of the c subunit and the entire
molecular system from thermally agitated rotary ﬂuctuation [35],
the stiffness remains unclear when the c subunit is forcibly rotated
far from the stable angle since it is experimentally challenging.
3.5. Reaction scheme for ATP synthesis
The observed angle dependence of ATP binding and hydrolysis
also has important implications concerning the reaction scheme
for the ATP synthesis of F1. The dissociation constant of ATP (KdATP)
at the ATP-waiting angle (0 in Fig. 4e) was determined to be
approximately 108 M. Since the ATP concentration in vivo is in
the millimolar range (103 M), this result suggests that F1 cannot
release bound ATP at 0. According to the angle dependence of
Kd
ATP calculated, the c subunit must be rotated over 40 in a clock-
wise direction, for KdATP to become >1 mM for efﬁcient ATP release.
In addition, the equilibrium constant of ATP hydrolysis (KEHyd) at
hydrolysis waiting angle (200 in Fig. 4e) was approximately 1,
which is too low to explain the high efﬁciency of ATP synthesis.
According to the angle dependence of KEHyd, the c subunit must
be rotated over 40 in a clockwise direction for efﬁcient ATP
synthesis. These results suggest that the reaction scheme for ATP
synthesis is not a simple reverse version of that for ATP-driven
rotation (shown in Fig. 3). These ﬁndings suggest that all angular
positions for reaction steps for ATP synthesis (Pi binding, ADP bind-
ing, synthesis, and ATP release) are essentially different from those
of Pi release, ADP release, hydrolysis, and ATP binding, and should
be changed depending on the conditions.
3.6. Future prospect
The introduced single-molecule manipulation study revealed
that the mechanism of ATP synthesis is not a simple reverse pro-
cess of ATP hydrolysis. This result will contribute to furthering
our understanding of the mechanism of ATP synthesis, the physio-
logical role of F1. In addition, this study is fundamentally applicable
to studies involving other molecular motors or machines. The most
promising experiment is the application of this protocol to V1-
ATPase. Although angle dependence of the ATP binding of
V1-ATPase has already been studied, hydrolysis has yet to be inves-
tigated [36]. These studies would reveal the generality and unique-
ness of our ﬁndings in single-molecule studies on F1. Another
important ﬁnding is the structural basis of the observed angle
dependence. For future studies, a structural analysis of the confor-
mational state of the b subunit in the transient state should be
undertaken.
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